OBJECTIVE-Preeclampsia is a multisystem disease classically defined on the basis of hypertension and proteinuria. As shown in animal studies, complement activation is associated with inflammation in the placenta and adverse pregnancy outcomes. The association between complement activation in humans and adverse pregnancy outcomes is unclear. The purpose of this study was to determine whether elevated levels of the activation fragment Bb in early pregnancy are predictive of preeclampsia.
Keywords
alternative complement pathway; complement activation fragment Bb; preeclampsia Preeclampsia is a complex multisystem disease that occurs in 3-5% of all pregnancies and contributes significantly to maternal and neonatal mortality and morbidity. 1,2 Its cause is unclear. The classical clinical manifestations, de novo hypertension and proteinuria, occur late in pregnancy in the setting of maternal endothelial cell activation. 3 However, there is now extensive evidence to suggest that this syndrome starts in early pregnancy, and current data support a pathogenic role for shallow endovascular cytotrophoblastic invasion of the spiral arteries 4 and circulating antiangiogenic factors. 5, 6 In addition, many authors have suggested an important role for the immune system in the etiology of this syndrome. 1,7
The complement system is a complex series of more than 30 proteins and, like the clotting cascade, contains a potent amplification mechanism based on the sequential cleavage of inactive zymogen forms of proteins by serine protease mechanisms. 8 The complement system combats infection and removes immune complexes as well as ischemic, necrotic, and apoptotic cells. The complement has 3 initiating mechanisms known as the classical, lectin, and alternative pathways ( Figure 1 ). There are many triggers for these pathways including immune complexes, apoptotic bodies, mitochondrial membranes, mitochondrial cardiolipin (classical pathway), carbohydrates on pathogens (lectin pathway), and foreign surfaces (alternative pathway). 8
Biological functions of the complement system are achieved through the production of activation fragments or complexes (eg, C3a, C5a, C5b-9) that promote chemotaxis, microbial opsonization, cell lysis, phagocyte recruitment, and cellular activation. 9,10 The alternative pathway is unique in that it both can serve as an amplification system for the classical and lectin pathways and can also autoactive through a process called tickover. 11, 12 In addition to C3b, 3 factors are involved in alternative pathway activation, namely factors D and B and properdin. 8 The important contribution of complement activation to adverse pregnancy outcomes has emerged from recent studies on the murine model of the antiphospholipid antibody syndrome 13-16 as well as other murine models of spontaneous fetal loss, 17,18 which demonstrated that complement activation, especially through the alternative pathway, is a proximal cause of vascular injury and fetal demise. The association between complement activation in humans and adverse pregnancy outcomes is, however, unclear. Thus, the purpose of this study was to determine in human pregnancy whether complement activation could contribute to the pathogenesis of preeclampsia. The factor B-derived Bb activation fragment (from the alternative complement pathway) was used as a biomarker of complement activation ( Figure 1 ). 12
Materials and Methods

Study design
This prospective study was approved by the Colorado Multiple Institutional Review Board and is part of an ongoing study started in June 2005 to examine the contribution of complement activation to adverse pregnancy outcomes. The explanatory variable of interest was the complement activation fragment Bb, which was examined as a continuous and dichotomous variable (elevated vs not elevated). An elevated Bb was defined as a level of Bb greater than the 90th percentile for the cohort. We chose to dichotomize at the 90th percentile because it was the lowest point at which Bb appeared to give a clinically useful result with a large enough sample of preeclamptic subjects above the cutoff to make modeling meaningful (see Results section).
Other risk factors included in the analysis included race (African American vs others); parity (nulliparity vs multiparity); maternal age (older than 35 years vs younger than 35 years); cigarette smoking at the time of conception (yes vs no); a past history of spontaneous abortion (yes vs no); and the maternal prepregnant body mass index (BMI; kilograms per square meter: 25-30 [overweight] , greater than 30 [obese] vs less than 25), calculated from the maternal prepregnant weight and height. A maternal history of medical disease (yes vs no) was a composite of preexisting maternal hypertension, type 1 diabetes, or systemic lupus erythematosus (SLE). Among multiparous women we examined a history of hypertension in a previous pregnancy (yes vs no); a change of paternity since the last delivery (yes vs no), defined as a new father of this baby, compared with the last delivery; and the length of time since the last birth (greater than 5 vs less than 5 years).
The primary outcome of the study was preeclampsia, classically defined as gestational hypertension and proteinuria. 19 Gestational hypertension was defined as a systolic blood pressure greater than 140 mm Hg or a diastolic blood pressure greater than 90 mm Hg on at least 2 occasions at least 6 hours apart after 20 weeks' gestation in women known to be normotensive before pregnancy and before 20 weeks' gestation. Preeclampsia was defined as: (1) gestational hypertension with proteinuria (300 mg or greater per 24 hour period) or at least 1 or greater on dipstick or (2) in the absence of proteinuria gestational hypertension with cerebral symptoms, epigastric or right upper quadrant pain with nausea or vomiting, or thrombocytopenia and abnormal liver function tests. 19 We did not distinguish between mild and severe preeclampsia in this study. Preeclampsia was classified in subjects without knowledge of Bb levels. Intrauterine growth restriction (IUGR) was defined as a birth percentile less than the 10th percentile using the Colorado Intrauterine Growth Charts. 20
Study participants were recruited from the prenatal clinics at the University of Colorado Hospital (UCH) (n = 356), the Metro Community Practice Network (MCPN) clinic (a community-based prenatal clinic, n = 98), and the Platte River Prenatal Center, a faculty referral facility (n = 247). The study participants were referred to the complement study team by the prenatal care provider if the woman was in the first half of pregnancy. There were no exclusion criteria for the study, and to date the nonparticipation rate is approximately 3%.
The women were categorized into 1 of 3 strata, depending on the gestation at entry into the study (Table 1) . Following informed written consent, an interview was conducted with the study participant, and data were gathered on the maternal medical and obstetrical history. The deidentified data were entered into the complement study data set, which is part of the University of Colorado at Denver and Health Sciences Center perinatal database that is housed in the division of Biostatistics and Bioinformatics at National Jewish Medical and Research Center (NJMRC) Denver.
At the same visit, blood (plasma) was drawn for the Bb assay along with the routine prenatal laboratory tests. The women were followed up prospectively throughout pregnancy. At delivery, outcome data were collected by the perinatal database staff and entered into the complement study data set. A secondary review of each completed maternal record was conducted by 1 investigator (A.M.L.) before the participant's sample was assayed. At this assessment the gestational age at blood draw was verified using results from ultrasound examinations. Women who delivered outside UCH received a detailed questionnaire regarding pregnancy outcome within 2 weeks of the estimated date of delivery.
A diagnosis of preeclampsia was confirmed by the combination of a phone interview and review of the medical record requested from the outside hospital with patient consent. A random selection of the records of women with preeclampsia was also reviewed by a single maternal-fetal medicine specialist (blinded to the results of the assay) to verify classification of the outcome (see Acknowledgments). As of March 2007, pregnancy outcomes were available on 806 women. For this analysis, we excluded women who had a spontaneous abortion (n = 27), multiple gestation (n = 27), or a first presentation for prenatal care after 20 weeks' gestation (n = 7). Because there is uncertainty whether gestational hypertension is a separate entity from preeclampsia or a mild version of preeclampsia, 6,21 we excluded women with gestational hypertension (n = 44) from the cohort to avoid misclassification of the outcome. Following these exclusions, 701 women were available for analysis.
Sample preparation and assay for complement activation fragment Bb
Each sample was centrifuged (within an average time of 11 minutes from phlebotomy), and the supernatant was removed, aliquoted, and placed in a freezer at −80°C. For women recruited outside UCH, the sample was centrifuged immediately and placed on dry ice for transportation back to the repository.
Complement activation fragment Bb was measured using a quantitative sandwich enzymelinked immunosorbent assay (ELISA) that uses a monoclonal antihuman Bb as the capture antibody and an enzyme-conjugated goat antihuman Bb as the second antibody (Quidel, San Diego, CA). Standards with known concentrations of Bb and high and low plasma controls were run on each ELISA plate. The addition of a chromogenic substrate causes a change in optical density (color) in each well of the ELISA plate. This change in optical density was measured spectrophotometrically and is a function of the amount of antigen (Bb) captured on the plate. The coefficient of variation for the in-house laboratory control was 10.2%. Approximately 100 consecutive samples were analyzed per month on women following completion of pregnancy. The technician performing the assay was blinded to the participant's pregnancy outcome.
Statistical analysis
The data were analyzed in SAS 9.1 (SAS Institute, Cary, NC). Univariable analysis was used to generate descriptive statistics for the cohort. Differences between dichotomous variables were examined using the relative risk (RR) as a measure of association. Associations were tested using the χ 2 or Fisher exact test (P < .05). Differences in means of continuous variables were tested using the Wilcoxon rank-sum and Kruskal-Wallis test. Multivariable logistic regression analysis was used to determine the odds ratio (used as an approximation of the RR) of the main explanatory variable Bb for preeclampsia adjusted for other covariates. These analyses were also done separately for nulliparous and multiparous women and women who had a blood draw for complement Bb between 10 and 20 weeks' gestation. General test characteristics (sensitivity, specificity, etc) were also calculated for the main explanatory variable.
Results
The characteristics of the 701 women in the cohort are shown in Table 1 . The mean level of Bb was 0.7 μg/mL (range, 0.01 to 1.48), and the 90th percentile cutoff was at 0.92 μg/mL. The normal range for nonpregnant controls in our laboratory is 0 to 0.83 μg/mL. The mean (± SD) gestational age (weeks) at delivery for the cohort was 38 (± 2.4), and the mean birthweight was 3.15 kg (± 0.57). There was no statistical difference in the incidence of an elevated Bb between women who had their blood drawn at UCH or at sites outside UCH (P = .5). Fifteen women (2.2%) in the cohort delivered a baby with IUGR. As shown in Table 2 , we found significantly higher levels of Bb among African American women and among women with a higher BMI.
Multiparous women with a history of hypertension in a previous pregnancy were more than 2 times more likely to have an elevated Bb in this pregnancy, compared with multiparous women who did not have hypertension in a previous pregnancy (Table 2) . Multiparous women who changed their partners had a higher frequency of Bb in the top decile, and levels of Bb were significantly higher among multiparas who changed their partners, compared with multiparas who did not change their partners (P = .0001). The activation fragment was also found to be significantly higher in multiparous women with a long interval since their last delivery. However, it should be noted that there was a strong statistical association between this variable and a change of paternity (P < .0001).
Thirty-two women from the entire cohort (4.6%) developed preeclampsia. Seventy-five percent of the women had an onset of preeclampsia at less than 37 weeks' gestation and 50% had severe preeclampsia. Fifty percent delivered preterm (less than 37 weeks' gestation). Only 2 women with preeclampsia delivered a baby with IUGR. The levels of Bb in early pregnancy among women with and without preeclampsia later in pregnancy are shown in Figure 2 . The mean (± SD) Bb level was significantly higher in early pregnancy in women who subsequently developed preeclampsia (0.8 ± 0.3), compared with those who did not develop preeclampsia (0.68 ± 0.2, P = .02). The association between elevated Bb (top decile) and select maternal risk factors for preeclampsia is displayed in Table 3 .
In this univariate analysis, women with levels of Bb over the 90th percentile in a specimen drawn less than 20 weeks' gestation were 3.3 times more likely to develop preeclampsia, compared with women with lower (less than the 90th percentile) levels of Bb. When the cutoff was placed at the 75th and 95th percentile, the RR of an elevated Bb for preeclampsia was 2.2 (95% confidence interval [CI], 1.2 to 4.4, P = .01) and 4.8 (95% CI, 2.2 to 10, P < .0001 respectively).
Other risk factors significantly associated with preeclampsia were nulliparity, higher BMI, and a history of a maternal medical disease. We saw a similar significant trend in the relationship between Bb and preeclampsia among nulliparous and multiparous women. Analysis of the relationship between risk factors specific to multiparous women showed a significant relationship between a history of hypertension in a previous pregnancy and a change of paternity with preeclampsia.
In the full multivariable logistic regression model (Table 4) , women with elevated levels of Bb (top decile) were 3.8 times more likely to develop preeclampsia, compared with women with lower levels of this activation fragment (P = .002). Nulliparity, obesity, and a maternal history of medical disease were other covariates significantly associated with preeclampsia. We also examined Bb as a continuous variable in this same model and found the adjusted odds ratio (OR) to be 15.0 (95% CI, 2.5 to 90, P = .003). In additional exploratory analysis, the adjusted OR of the top decile of Bb for preeclampsia among nulliparous women (incidence of preeclampsia = 6%) was 4.8 (1.4 to 15, P =.01). Among multiparous women, the adjusted OR for preeclampsia (incidence = 3%) was elevated, but the association did not reach statistical significance (OR 2.3, 95% CI, 0.5 to 11, P = .3). Among the 531 study participants who had a blood draw for Bb between 10 and 20 weeks' gestation, the adjusted OR of a Bb in the top decile for preeclampsia was 6.1 (P = .0005).
We had inadequate sample power to fully explore this association in the 170 women who had a sample drawn less than 10 weeks' gestation. Among this group of women, adjusted for other risk factors, the OR of the top decile of Bb for preeclampsia was 0.9 (95% CI, 0.08 to 10, P = .9). The following are the results of the test characteristics of Bb for the outcome preeclampsia with an incidence of 4.6%: sensitivity, 28%; specificity, 90%; positive predictive value, 12%; negative predictive value, 96%; the likelihood ratios for a positive and negative test were 2.8 and 0.8, respectively.
Comment
In our cohort, elevated levels (top decile) of the complement activation fragment Bb in the first 20 weeks of pregnancy were independently associated with preeclampsia later in pregnancy. These results suggest that Bb may be an early biomarker of the pathogenic events in early pregnancy leading to preeclampsia This research question was previously examined by Haeger et al, 22 who found that women with severe preeclampsia had increased levels of C5a and the terminal complement complex (drawn at delivery) as compared with uneventful pregnancies. However, ours is the first large prospective study to examine the relationship between Bb levels in the early part of pregnancy with preeclampsia in humans and to find a relationship between elevated levels of Bb (less than 20 weeks' gestation) and the development of the syndrome later in pregnancy.
A maternal immune-mediated inflammatory response to paternally derived fetal antigens found on the surface of trophoblasts offers a possible explanation for some of the elevated levels of Bb observed in this study and supports the immune maladaptation hypothesis of preeclampsia. 1,23 This hypothesis suggests that decidual immune-mediated inflammation contributes to the pathogenesis of preeclampsia.
This hypothesis explains why preeclampsia is seen more frequently in situations in which the woman has limited sperm exposure with the same partner before conception and thus inadequate time to develop immune tolerance to paternally derived antigens. In addition to nulliparity, these situations would include women who are inseminated with a donor sperm, have assisted reproductive technologies with insemination from an intracytoplasmic sperm injection from a surgically obtained sperm, and who use barrier methods of contraception. Moreover, multiparous women lose the protective effect of a previous birth when they change paternity (1 ,23 for review). Indeed, in our study, multiparous women who changed their partners had higher levels of Bb and were more than 5 times more likely to develop preeclampsia, compared with women who did not have a change in paternity since their last delivery (Tables 2 and 3) . Interestingly, in our study a history of hypertension in a previous pregnancy was associated with both an elevation of Bb and preeclampsia (Tables 2 and 3) , which may be a marker of a failure of other factors contributing to the maternal immune tolerance necessary to protect the pregnancy from development of preeclampsia. 7, 23 Another interesting finding of this study was that, when we restricted our analysis to women who had a specimen collected during the time of uteroplacental vascular remodeling (10 to 20 weeks' gestation), the adjusted OR of an elevated Bb for preeclampsia was consideribly higher than in the full cohort (OR 6.1, P = .0005). This finding suggests that release of Bb into the maternal circulation may be a marker of inflammatory events specific to the placenta.
Normal pregnancy is associated with elevation of some markers of inflammation such as complement. 24 However, as shown in murine studies, excessive complement activation at the maternal-fetal interface can present a significant threat to the developing fetus and placenta as a result of local infiltration of inflammatory cells with tissue damage and necrosis. 13,25 Furthermore, subcellular debris released from necrotic cells can trigger additional complement activation leading to more tissue destruction. 26,27 Indeed, debris from an oxidatively stressed placenta has been shown by other authors to contribute to endothelial cell activation 28 and could be a trigger for complement activation at sites outside the placenta.
To protect against the harmful effects of unregulated complement activation on host cells, the placenta is armed with an abundance of complement inhibitory proteins, found on the syncytiotrophoblast. 18,29 In this regard, it is also noteworthy that women with a predisposition to inflammation such as those with obesity had significantly higher levels of Bb and were also at a greater risk of developing preeclampsia. This finding suggests that previously inflamed tissues may be a trigger for complement activation or that the inhibitory factors may, in some instances, be insufficient to maintain adequate control of complement activation.
With the addition to this cohort of additional multiparous women as well as women who present in very early pregnancy, we plan to achieve adequate power to fully explore the possible intereaction between Bb with parity and gestational age. Additional numbers will also allow us to explore the relationship between Bb and IUGR (with and without preeclampsia) and pretem onset of preeclampsia. Because the focus of this study was the contribution of the alternative pathway of complement activation to preeclampsia, only the activation fragment Bb was examined. However, future analyses will incorporate measures of other complement activation products alone and in combination and at points in pregnancy beyond 20 weeks' gestation. By combining measures of complement activation fragmens, we may be able to improve the test characterisitcs for the marker.
We hypothesize that preeclampsia is secondary to the sequence of events in early pregnancy proposed in Figure 3 and that complement activation is an early marker of these events. Our results are in agreement with recent murine studies suggesting that complement activation induces dysregulation of angiogenic factors, 17 which are themselves important to the pathogenesis of preeclampsia. 5 It will be important to establish the interrelationships in pregnant subjects between complement activation and angiogenic factors. New approaches for inhibiting complement activation that may be able to prevent or modify the inflammatoryrelated sequelae associated with these events are under development. 30,31 Encouraging support for this possibility comes from the fact that complement inhibitors reversed the process of loss and IUGR in the animal model of the antiphospholipid syndrome as well as spontaneous fetal loss associated with complement-dependent increases in angiogenic factors. 14,17
FIGURE 1. Complement activation pathways
The classical, lectin, and alternative complement pathways converge to generate enzymes called C3 convertases, which cleave C3 into C3b and C3a. C3b is a major effector molecule of the complement system. C3b binds to the surface of foreign cells and opsonizes the cells for phagocytosis. Through a series of reactions, the membrane attack complex (MAC) is formed. This complex can insert into membranes and has the potential to damage cells. Factors B, D, and Properdin initiate activation of C3b directly through the alternative pathway initiation complex or through the amplification loop in which C3b is formed. The activation product Bb (boxed) is derived from factor B. The production of C3b, triggered from engagement of the classical or lectin pathways, is augmented through the alternative pathway amplification loop that is essential to generate all pathogenic proinflammatory mediators in vivo. Hypothetical model of the contribution of the complement activation to preeclampsia .0009
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